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Abstract We investigated how neurons in the different
motor areas of the frontal lobe reflect the movement
dynamics, and how their neuronal activity undergoes
plastic changes when monkeys adapt to perturbing
forces (they learn new dynamics). Here we describe the
results obtained in the dorsal premotor area (PMd) and
ventral premotor area (PMv). Monkeys performed
visually instructed, delayed reaching movements before,
during and after exposure and adaptation to a viscous,
curl force field. During movement planning (i.e., during
an instructed delay that followed the cue and preceded
the go signal), we found dynamics-related activity in
PMd but not in PMv. A closer analysis revealed that
the population of PMd reflected the dynamics of the
upcoming movement increasingly over the course of the
delay, starting from a kinematics-related signal. During
movement execution, dynamics-related activity was
present in both PMd and PMv. In this respect, the
results for PMd were similar to that previously found
for the supplementary motor area (SMA) whereas the
results for PMv were more similar to that previously
found for the primary motor cortex (M1). Plastic
changes associated with the acquisition of new
dynamics found in PMd and PMv were qualitatively
similar to those previously observed in M1 and SMA.
The ensemble of our experiments suggest a broader
picture of the cortical control of movements, whereby

multiple areas all contribute to the various sensorimo-
tor processes, including ‘‘low’’ computations such as
the movement dynamics, but also express a degree of
specialization.
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Introduction

Execution of visually guided reaching movements in-
volves a sequence of computational stages, including
processing of movement kinematics and dynamics.
With respect to the neurophysiological processing of
movement dynamics, past work largely focused on the
primary motor cortex (M1). Numerous experiments
confirmed the original observation of Evarts (1968) that
the activity of neurons in M1 reflects the presence of
external loads (Thach 1978; Fromm 1983; Kalaska
et al. 1989; Crutcher and Alexander 1990; Li et al.
2001). The main focus on M1 is possibly due in part to
a ‘‘serial’’ view of the motor system, according to which
‘‘premotor’’ areas harbor early sensorimotor processes
and funnel their output into M1, which directly con-
trols the execution of movements. The serial view
suggests that the processing of the dynamics —a ‘‘late’’
computational stage —might be largely confined to
M1. Anatomical evidence, however, has shown that
direct corticospinal projections originate from multiple
areas, including the supplementary motor area (SMA),
the dorsal premotor area (PMd), the ventral premotor
area (PMv), the cingulate motor areas (CMAs), in
addition to M1 (He et al. 1993, 1995; Rouiller et al.
1996). It was also shown that these areas are heavily
interconnected with each other (Luppino et al. 1993,
1994).

One potential consequence of these remarkable find-
ings is that all these areas may possibly participate in
late motor processing stages —and in particular the
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movement dynamics. With respect to SMA, this
hypothesis was demonstrated true by the studies of
(Alexander and Crutcher 1990) and more recently by
our experiments (Padoa-Schioppa et al. 2002, 2004).
Both sets of studies found that the activity on neurons in
SMA varies depending on the presence of external loads
or forces. Force-dependent activity is observed during
motor execution, similarly to what is found in M1, but
also during motor planning, when most cells in M1 lack
directional tuning. Most interestingly, we found that the
activity of neurons in SMA reflects the movement
dynamics increasingly during motor planning, starting
from a kinematics-related signal (Padoa-Schioppa et al.
2002).

In the present article, we extended our survey of the
dynamics-related activity of cortical motor areas to PMd
and PMv. With respect to PMd, previous work mostly
searched to differentiate this area from M1 for its
involvement in ‘‘high’’ sensorimotor processes. It was
found that neurons in this area activate before expected
visual signals (Mauritz and Wise 1986) and during mo-
tor preparation (Wise and Mauritz 1985; Kurata and
Wise 1988). In addition, target-related activity prior to
and during movement was found more frequently in
PMd than in M1 (Shen and Alexander 1997a, b). This
notwithstanding, many authors reported extensive
functional overlaps between PMd and M1 (Riehle and
Requin 1989; Crammond and Kalaska 1994, 1996;
Johnson et al. 1996, 1999; Scott and Kalaska 1997; Scott
et al. 1997). Regarding the hypothesis of dynamics-re-
lated activity in PMd, the most relevant study by Werner
et al. found that the activity of 26% of PMd cells co-
varied monotonically with a static torque in an isometric
task (Werner et al. 1991). This result indeed suggested
that neurons in this area might participate in the pro-
cessing of the movement dynamics.

The properties of area PMv have become under
interest relatively recently, and are still largely unclear.
Graziano et al. found that neurons in this area respond
to both visual and tactile stimulation, and to proprio-
ceptive inputs (Graziano et al. 1997; Graziano 1999).
Reports on PMv seem to defy the notion that ‘‘early’’
activity corresponds to ‘‘high’’ computations. On the
one hand, neurons in PMv reflect processes in extrinsic
coordinates more often than neurons in M1 do (Kakei
et al. 2001), and effector-independent activity is more
frequent in PMv than in PMd (Hoshi and Tanji 2002).
On the other hand, neurons in PMv present premove-
ment activity less frequently than neuron in PMd do
(Boudreau et al. 2001). One possibility is, of course, that
the area needs further subdivision and that recording
sites varied in different experiments. For example, the
anatomy work of He et al. (1993) showed that corti-
cospinal projections from PMv were dense, but confined
to a small sub-region. Most relevantly for the current
discussion, Hepp-Reymond and colleagues found in
PMv two clusters of neurons whose activity co-varied
with an external force in precision grip task (Hepp-
Reymond et al. 1994, 1999), a result consistent with the

hypothesis that PMv might participate to processing of
the movement dynamics.

Materials and methods

The experimental setup, recording techniques and data
analysis were essentially the same previously described
(Li et al. 2001; Padoa-Schioppa et al. 2002), with minor
differences. The NIH Guide for the Care and Use of
Laboratory Animals was followed throughout the
experiments.

Behavioral paradigm

Two young female rhesus monkeys (R and N), weight-
ing 5–5.5 kg, participated in the experiment. The mon-
keys sat on a chair in an electrically isolated enclosure.
With their right arm, they held the handle of a two de-
grees of freedom robotic arm (the manipulandum),
which allowed free movements limited to a horizontal
plane. A computer monitor, placed vertically 75 cm in
front of the monkeys, indicated the position of the
handle (3 mm·3 mm square, 0.2� of visual angle) and
the targets of the movements (12·12-mm squares, 1� of
visual angle). All reaching movements were from a
central location to one of eight peripheral targets,
equally spaced along a circle and 45� apart from each
other. Actual reaching movements were 6 cm in length.

Monkeys performed an instructed delayed reaching
task. At the beginning of each trial, monkeys moved the
cursor inside a square placed in the center of the moni-
tor. After 1 s, one peripheral target appeared in one of
the eight possible locations (cue). Monkeys maintained
the cursor in the center location for a randomly variable
delay (1.1–1.9 s), at the end of which the center square
was extinguished (go). Monkeys had to acquire the
peripheral target within 1.8 s and to maintain the cursor
within the peripheral target for 1 s to receive a juice
reward (rew). After an inter-trial interval (iti) of 1 s, the
sequence started over again. During the movement, the
monkeys had to maintain the trajectory within an angle
of 60� on each side of the straight line passing through
the center and the peripheral target. The trial was
immediately aborted if the monkey made an error.
Peripheral targets were pseudo-randomly chosen.

Two motors attached at the base of the robotic arm
allowed turning force fields on and off. In the experi-
ment, we used one of two force fields, described by
F=BV, where B is an anti-diagonal 2·2 rotation matrix
B=[0, �b; b, 0] and V is the instantaneous velocity
vector. Thus, the forces were in strength proportional to
the velocity (viscous) and in direction orthogonal to the
velocity (curl). Depending on the sign of ‘‘b‘’, this de-
fined one of two force fields, clockwise (CK) or coun-
terclockwise (CCK). For the intensity of the forces, we
used b=0.07 N/cm. In each experimental session, the
monkeys performed in three subsequent behavioral
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conditions: Baseline (no force, ca. 160 trials), Force (ca.
160 trials), Washout (no force, ca. 160 trials). In the
Force condition, one of the two force fields (CK or
CCK) was introduced. The same timing and spatial
constraints were maintained throughout the session.

Previous work shows that upon adaptation to curl
force fields, the electromyographic (EMG) activity of
muscles activated during the movement undergoes sys-
tematic changes. Specifically, muscles tuning curves ro-
tate in the direction of the external force. Their preferred
direction shifts on average by 18–22� (Li et al. 2001), a
result analogous to that found for humans (Thorough-
man and Shadmehr 1999; Shadmehr and Moussavi
2000). A similarly consistent rotation observed in the
tuning curve of cortical neuron can be regarded as a
fingerprint of dynamics-related activity.

During the training (4–6 months), the monkeys per-
formed in nonperturbed conditions. The force fields
were introduced only during the recordings. In total,
monkey R performed in 28 and 27 sessions with the CK
and CCK force fields, respectively. Monkey N per-
formed four and five sessions with the CK and CCK
force fields, respectively. For both monkeys, sessions
with the two force fields were interspersed.

Surgery, microstimulation and gross anatomy

Before the training and under aseptic stereotaxic sur-
gery, we implanted a head-restraining device on the skull
of the monkeys. At the end of training, we implanted a
recording chamber (18 mm, inner diameter) over the left
hemisphere. For both monkeys, we centered the cham-
ber on (A=16, L=�15). After surgeries, the monkeys
were given antibiotics (Baytril 2.5 mg/kg IM for 7–
10 days) and pain medications (Buphrenex 0.01–
0.03 mg/kg IM every 6–8 h).

In the days prior to the first recording session and at
the end of several recording sessions, we performed
electrical microstimulation. We used a train of 20 bi-
phasic charge balanced pulse pairs (0.1 ms pulse width,
60 ms train), delivered at 330 Hz and variable amplitude
(20–120 lA). Recordings were concentrated in areas
were arm movements could be elicited, although indi-
vidual cells were not selected for their responses prior to
recordings.

Both monkeys were euthanized at the end of the
experiment. They were given an overdose of pentobar-
bital sodium and then perfused transcardially with
heparinized saline, followed by buffered Formalin. The
recording locations were marked with electrodes dipped
in black ink. The brain was then removed from the skull,
and photographed.

Recordings

The recording procedures were described previously (Li
et al. 2001). Hand trajectories were recorded at the fre-

quency of 100 Hz. For the neuronal recordings, we
manually advanced vinyl-coated tungsten electrodes (1–
3 MW impedance) with a set-screw system. Electrical
signals were acquired, passed through a head stage (AI
401, Axon Instruments), amplified (Cyberamp 380, Axon
Instruments), filtered (10 kHz and 300 Hz cutoffs), and
displayed on a computer monitor (sampling frequency of
20 kHz) using a commercial software (Experimenter’s
WorkBench 5.3, DataWave Technology). Action
potentials —detected by threshold crossing —were saved
to disk (waveforms of 1.75 ms duration) for subsequent
clustering analysis. Up to eight electrodes, simulta-
neously, were used in each recording session. No effort
was made to locate the cortical layer of the recordings.

Data analysis: psychophysics

For each movement, we defined the movement onset
(mo) and the movement end (me) with a threshold-
crossing criterion (4 cm/s) on the speed. The psycho-
physics was analyzed using a correlation coefficient, as
previously described (Shadmehr and Mussa-Ivaldi 1994;
Li et al. 2001). In each session, we derived an ideal speed
profile u(t), separately for each movement direction. We
subsequently aligned, for each trial, the actual speed
profile s(t) with the ideal speed profile u(t) at their peaks.
The correlation coefficient (CC) was defined as CC(s,u)
= Cov(s,u) / (r(s) r(u)). Thus, CC was a measure of
similarity between s(t) and u(t). The values of CC ranged
between –1 and +1, and were close to +1 for actual
speed profiles close to ideal.

In order to compare the neuronal activity across trials
with similar kinematics, we disregarded the first four
successful trials in each movement direction. Only the
remaining trials were considered for further analysis.
This criterion was chosen for consistency with previous
studies and because it roughly corresponded to the ini-
tial adaptation phase.

One of the aims of the experiment was to investigate
the neuronal activity related to the movement dynamics
during the instructed delay. No time constraints on the
reaction time (RT) were imposed during the experiment.
In the analysis of the delay activity we excluded antici-
pated movements (RT<200 ms) as well as outliers
(RT>500 ms). Only the remaining trials (>89%) were
considered for subsequent analysis.

Data analysis: neurons

The clustering of waveforms was performed either using
a custom-written software as previously described (Li
et al. 2001), or with a semi-manual procedure using a
commercially available software (Autocut 3, DataWave
Technology). In both cases, waveforms were visually
inspected for stability. Only and all the cells with con-
vincingly consistent waveform throughout the session
were considered for further analysis.

108



We considered the neuronal activity of single neurons
in four separate time windows: the center hold time (CH,
500 ms preceding the cue); the delay time (DT, 500 ms
preceding the go); the movement time (MT, from 200 ms
before mo to me); the target hold time (TH, 500 ms
preceding the rew). For each neuron and for each time
window, the activity was separately analyzed in the
Baseline, Force and Washout conditions. For each
condition, we averaged the activity across trials, and
obtained a tuning curve. Only tuning curves with an
average firing rate >1 Hz were considered for further
analysis. The preferred direction (Pd) was defined as the
direction of the vector average of the eight activity
vectors. The Pd was only defined for tuning curves dis-
playing a significantly unimodal distribution across
directions, as stated by the Rayleigh test (P<0.01;
(Fisher 1993).

For the statistical analysis of the population, we used
standard methods. Collective shifts of Pd were stated
with a circular t test (Fisher 1993) using P<0.05.

Kinematics-to-dynamics transformation

The population of neurons in PMd presented a signifi-
cant shift of Pd in the DT time window in the force
condition compared to Baseline (see Results) similar to
that previously observed in SMA. We analyzed the time
course of this shift for individual neurons and for the
population of PMd with the same methods used previ-
ously (Padoa-Schioppa et al. 2002). Briefly, we aligned
trials in the Baseline and Force conditions at the cue and
we considered the activity of each cells in 300 ms-wide
time bins, centered every 25 ms in the interval ranging
from 300 to 1,350 ms after the cue. In each time bin, we
defined the tuning curve and computed the Pd. We only
considered the activity recorded before the go signal, so
that ‘‘late’’ time bins included fewer trials (the latest time
bin centered 1,350 ms after the cue included exactly one
half of the trials). For each cell, we aligned the Pd so that
‘‘zero’’ was the Pd recorded in the Baseline in the latest
time bin considered. For each time bin, we then com-
puted the population Pd shift. The Pd was only defined
for those time bins in which the activity of the cell was
directionally tuned (Rayleigh test, P<0.01). Finally, we
operated a linear regression of the population shift of Pd
on time. As previously done for SMA, we restricted this
regression analysis to the cells whose Pd shift measured
at the end of the DT time window was above average.

For the analysis of the ‘‘adaptation effect,’’ we
quantified the goodness of adaptation with the initial
angular deviation of the hand trajectory from the
straight path, as previously described (Padoa-Schioppa
et al. 2002). We divided trials in two groups depending
on the angular deviation (d): well-adapted trials
(d £ median(d)) and poorly-adapted trials (d‡me-
dian(d)). We analyzed the neuronal activity in the DT
time window. For the force condition, we computed two
separate tuning curves for the two groups of well-

adapted trials and poorly-adapted trials. We then com-
puted the Pd and relative shift of Pd (i.e., shift from the
Baseline Pd) separately for the two groups of trials. Fi-
nally, we compared the shifts of well-adapted and
poorly-adapted trials in a population scatter plot.

We used a similar approach for the analysis of the
‘‘reaction time (RT) effect.’’ In this case, trials were di-
vided according to the RT into two groups of shortRT
and longRT. Separate tuning curves, Pd and Pd-shifts
were computed for the two groups of trials and com-
pared in a population scatter plot. Analysis of the RT
effect was limited to neurons whose Pd shift measured at
the end of the delay was above average.

In all respects these analyses were identical to that
previously performed on neurons recorded in SMA.

Classification of cells

Significant changes across conditions were stated using
the error-propagation procedure previously described
and used (Li et al. 2001). For this analysis, we used the
same significance threshold of P<0.01 used in a recent
study on SMA (Padoa-Schioppa et al. 2004), which is
higher than the P<0.05 used in the original study of M1
(Li et al. 2001). Cells were divided in classes depending
on the changes across behavioral conditions. We named
‘‘kinematic’’ cells that maintained their Pd unchanged
across conditions (x–x–x). Cells for which the Pd
changed in the Force condition compared to Baseline
and returned to the original orientation in the Washout
(x–y–x) were named ‘‘dynamic’’ cells, because the
dynamics of the movement were the same in the Baseline
and the Washout, but different in the Force condition.
Cells for which the Pd changed in the Force condition
and remained in the Washout in their newly acquired
orientation (x–y–y) were named ‘‘memory I,’’ because
they appeared to keep trace of the adaptation experience
after the monkey had re-adapted to the non-perturbed
conditions. A complementary group of cells, for which
the Pd did not change in the Force condition but
changed in the Washout (x–x–y) were named ‘‘memory
II’’ cells. Finally, cells for which the Pd changed in the
Force condition and again in the Washout (x–y–z) were
named ‘‘other’’ cells.

Results

Psychophysics

The present study confirms the psychophysical results
previously described for monkeys (Gandolfo et al. 2000;
Li et al. 2001; Padoa-Schioppa et al. 2002) and humans
(Shadmehr and Mussa-Ivaldi 1994). Analysis of the
correlation coefficient provides evidence of motor
adaptation across trials within one session (Fig. 1a).
Long-term motor learning took place across sessions
throughout the recording period (Fig. 1b).
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Neuronal database and directional tuning

Following Matelli et al. (1985, 1991), we set the
boundaries between PMd and PMv at the spur corre-
sponding to the genu of the arcuate sulcus. We per-
formed microstimulation to identify the arm regions
within PMd and PMv. The PMv recordings were carried
out on the external surface and in the posterior bank of
the arcuate sulcus (Fig. 2). In total, we recorded the
activity of 142 PMd cells (108 in monkey R, 34 in
monkey N) and 143 PMv cells (133 in monkey R, 10 in
monkey N).

The percentages of directionally tuned cells for PMd
are shown in Table 1. Considering the Baseline, in the
DT 39% of cells in PMd were directionally tuned. The
number of directionally tuned cells increased only
slightly in the MT, to 46% of cells. In contrast, fewer
cells were tuned in the TH (22%). Table 1 shows the

corresponding percentages for PMv. For both areas the
highest percentage of directionally tuned cells was ob-
served in the MT. The most important difference be-
tween the two areas was that in the DT there were many
more directionally tuned cells in PMd than in PMv. In
the DT time window, we could classify 34/142 = 24% of
PMd cells and 9/143 = 6% of PMv cells. Comparing
these numbers with a Pearson’s v2 comparison ([PMd,
PMv] · [DT#cells, total#cells]), we obtained a very sig-
nificant difference (v2= 12.9; df.=1; P<10�3). Thus,
directional tuning occurs in PMd at an earlier time than
in PMv. Considering the percentages of directionally
tuned cells in the Force and in the Washout conditions
(second and third columns in Table 1) strengthened
these observations. In the MT time window, we could
classify 37/142 = 26% of PMd cells and 26/143 = 18%
of PMv cells. PMd and PMv did not differ by this
measure (v2= 1.6; df=1; P<0.2).

Fig. 1 Psychophysics of the
task. a Correlation coefficient
(CC, y-axis) as a function of
trial number (x-axis) for one
representative session. Values
of the CC range between –1 and
1, and are close to 1 for
movements close to ideal. The
CC has high values in the
Baseline. It drops at the
beginning of the Force
condition and gradually
recovers as the monkeys adapt
to the perturbing force. In the
Washout, after a short re-
adaptation phase, the CC
returns to the high values
observed in the Baseline. b Over
sessions, the adaptation became
faster (shorter ramp) and better
(higher plateau). This process of
long-term learning is illustrated
by plotting the mean CC (y-
axis) against the session number
(x-axis), separately for the three
conditions. Sessions with the
CK force field (red color) and
the CCK force field (blue color)
were intermixed. For both force
fields, the mean CC recorded in
the Force condition increased
over sessions (long-term
learning)
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We also analyzed the circular distributions of pre-
ferred direction (Pd), separately for the three time win-
dows (DT, MT and TH) and for the three conditions
(Baseline, Force and Washout). Circular statistics indi-
cated that the distribution was homogeneous in all three
time windows, and in all three behavioral conditions
(minimal P>0.015, Rayleigh test). We repeated the
same analysis for PMv. Again, we found that the dis-
tribution of Pd were homogeneous in all three time
windows and all three conditions (minimal P>0.035,
Rayleigh test).

Neuronal correlates of movement dynamics in PMd and
PMv

With respect to the DT time window, the most inter-
esting results concern PMd. Specifically, we found that
the Pd of neurons in PMd shifted significantly in the
direction of the external force in the Force condition
compared to Baseline. One example of such cells is
shown in Fig. 3. This result was consistent at the pop-
ulation level, as illustrated in Fig. 4. On average, the Pd
of PMd neurons shifted in the direction of the external
force by 10.4� (P<0.05) in the Force compared to the
Baseline, and shifted back in the opposite direction in
the Washout compared to the Force (mean shift =
�8.5�, P<0.05). No net shift of Pd was present in the
Washout compared to the Baseline (mean shift = �2.7�,
P=0.5). No significant shifts of Pd were observed for
the population of PMv in the DT time window.

With respect to MT time window, we found that in
both areas cells shifted their Pd significantly in the
direction of the external force in the Force compared to
Baseline (PMd: mean shift = 11.0�, P<0.04; PMv:
mean shift = 11.5�, P<0.03). In the Washout, neurons
in both areas shifted their Pd significantly back in the
opposite direction (PMd: mean shift = �14.0�, P<0.02;
PMv: mean shift = �19.0�, P<0.01). Thus, no net shift
of Pd was observed in the Washout compared to the

Fig. 2 Microstimulation and
recordings. a Results of
microstimulation for monkey
R. CS central sulcus, AS
arcuate sulcus, PS principal
sulcus. Arm movements could
be evoked from both the PMd
and the PMv. b Reconstruction
of the recording sites for
monkey R. The radius of the
circle indicates the number of
cells recorded in the
corresponding location,
according to the legend.
Following Matelli et al (1985,
1991), we located the boundary
between PMd and PMv at the
spur of the arcuate sulcus
(dotted line). c Recording
locations for monkey N

Table 1 Number (percentage) of cells directionally tuned

Baseline Force Washout

Dorsal premotor area (PMd)
CH 4 (3) 2 (1) 2 (1)
DT 56 (39) 61 (43) 47 (33)
MT 65 (46) 72 (51) 68 (48)
TH 31 (22) 35 (25) 24 (17)
Ventral premotor area (PMv)
CH 6 (4) 12 (8) 2 (1)
DT 35 (24) 30 (21) 27 (19)
MT 69 (48) 61 (43) 56 (39)
TH 22 (15) 29 (20) 27 (19)

In total, we recorded 142 cells from PMd and 143 cells from PMv
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Baseline (PMd: mean shift = �6.0�, P=0.09; PMv:
mean shift = �11.7�, P=0.2).

No significant shift of Pd was observed in either area
in the TH time window.

These shifts of Pd (summarized in Table 2) closely
mirror that previously found for neurons in SMA during
motor planning, and for neurons in SMA and in M1 and
for muscles EMG during movement execution. They
indicate that the activity of neurons in PMd reflects the
dynamics of the upcoming movement during motor
planning. In addition, they indicate that the activity of
neurons in both PMd and PMv reflects the movement
dynamics during movement execution.

PMd activity and the kinematics-to-dynamics
transformation

Figure 5a shows the results obtained for the population
of PMd in the Baseline and in the Force conditions. In
the Baseline, the population Pd remains essentially con-
stant and close to zero throughout the delay. A linear fit

of DPd(t) on t failed to indicate significant departures
from null slope (P=0.08). In the Force condition, the
population Pd is initially aligned with that recorded in
the Baseline. Over the course of the delay, however, the
Pd of the population progressively shifts in the direction
of the external force (positive values on the y-axis). A
linear fit of DPd(t) on t indicated a slope of 11�/s sig-
nificantly greater than zero (P<10�7). Thus, neurons in
PMd, as a population, appear to reflect the kinematics-
to-dynamics transformation.

Figure 5b illustrates the adaptation effect for PMd. In
the scatter plot each dot represents one cell. The axes
represent the Pd shift for well-adapted trials (x-axis) and
the Pd shift for poorly adapted trials (y-axis). We observe
that the population tends to lie below the dotted diagonal
line bisecting the first and third quadrant. Statistical
analysis indicates that this effect is almost significant in
PMd (P<0.052). In other words, the shift of Pd recorded
in PMd at the end of the delay loosely predicted the
initial direction of the upcoming movement.

In SMA, we had found that the shift of Pd recorded
in the Force condition in the DT time window anti-

Fig. 3 Rasters and tuning curve of a PMd cell. In the rasters, color symbols indicate the beginning of trial (black), the presentation of the
cue (red), the go signal (green), the movement onset (yellow) and the movement end (blue). Here trials are aligned at the go signal and
sorted for the movement end time. On the right, the tuning curve for each condition and for each time window is plotted in blue. The Pd is
plotted in red. This cell was recorded with a clockwise force field. It was classified as dynamic for its changes of Pd in the DT time window
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correlated with the upcoming reaction time (RT) nec-
essary for the monkey to initiate the movement after the
go signal. The same analysis on PMd cells failed to re-
veal a similar significant effect, as illustrated in Fig. 5c.
In this case, we computed the shift of Pd in the Force
condition (DT time window) separately for shortRT
trials (RT £ median RT) and for longRT trials (RT ‡

median RT). In the scatter plot, each dot represents one
cell, and the axes represent the Pd shift for shortRT
trials (x-axis) and the Pd shift for longRT trials (y-axis).
We would observe a RT effect in PMd if the population
of neurons lied significantly below the diagonal dotted
line. However, we do not observe such effect in PMd
(P=0.6).

Fig. 4 a PMd, population
histograms. The histograms
illustrate the shift of Pd
observed for the entire PMd
population in the three time
windows DT, MT and TH.
Significant shifts of Pd are
observed in the DT and MT
time windows (P<0.05, circular
t test, red dots). b PMv,
population histograms.
Significant shifts of Pd are
observed in the MT time
window. Note that some
neurons present a negative shift
of Pd, a fact for which we lack a
satisfactory explanation
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Consistently, correlates of the kinematics-to-dynam-
ics transformation were rarely observed at the level of
individual neurons in PMd. The five panels in Fig. 5d
illustrate the time course of the Pd in the delay for five
different neurons. For each cell, we superimposed the Pd
in the Baseline (black color) to the Pd in the Force
condition (red color). Again, ‘‘zero’’ on the y-axis is the
Pd recorded in the latest time bin in the Baseline. In
general, we notice that the Pd is not constant throughout
the delay in either the Baseline or the Force condition
(Johnson et al. 1999). For the first two cells on the left,
we observe that the Pd in the Force condition is very
similar to that recorded in the Baseline throughout the
delay. For the third and fourth cells, we observe a shift
in the Force compared to the Baseline, although that
shift did not increase over the course of the delay. In
other words, the Pd of these two cells in the Force
condition remained rotated at an approximately con-
stant distance throughout the delay from that recorded
in the Baseline. Finally, for the rightmost cell, we ob-
serve a gradual shift of Pd in the Force compared to
Baseline, similar to that observed for individual neurons
in SMA. A specific statistical analysis, however, indi-
cated that this was not a consistent finding in PMd. Out
of the 20 cells whose Pd shift in the DT time window was
greater than average, only three cells presented a sig-
nificantly increasing Pd shift (linear regression of D Pd(t)
on t, P*=0.01). In contrast, for 12 cells the shift did not
increase significantly over the course of the delay. For
this analysis, we considered time bins from 300 to
1,300 ms after the cue. However, different time limits
such as from 300 to 800 ms after the cue or from 800 to
1,300 ms after the cue provided very similar results. In
conclusion, our data do not allow tracing the correlates
of the kinematics-to-dynamics transformation down to
the activity of individual neurons in PMd.

Field-specific cells, tune-in cells and tune-out cells

As the monkeys adapted to the force field, the
directional tuning of cells in PMd and PMv generally

changed. For example, some cells were initially not tuned
in the Baseline, became tuned in the Force condition, and
lost their tuning again in the Washout. Other cells were
originally tuned in the Baseline, lost their tuning in the
Force condition, but regained their tuning in the Wash-
out. These two groups of cells, which appeared dynamic
in nature, were named ‘‘field-specific’’ cells. In total, field-
specific cells accounted for 14% of cells in PMd, and for
10% of cells in PMv (MT time window).

We also found two groups of cells whose activity
changes outlasted exposure to the force field. ‘‘Tune-in’’
cells were initially not tuned in the Baseline, and ac-
quired a directional tuning in the Force condition fol-
lowing adaptation. In the Washout, however, tune-in
cells maintained their newly acquired directional tuning.
Similarly, ‘‘tune-out’’ cells were originally tuned in the
Baseline, but lost their tuning in the Force condition,
and remained nontuned in the Washout. Thus, both
tune-in cells and tune-out cells appeared memory in
nature. In total, tune-in cells accounted for 16% of PMd
cells, and for 15% of PMv cells. Tune-out cells ac-
counted for 14% of PMd cells, and for 25% of PMv
cells. Tune-in and tune-out cells were previously de-
scribed for M1 (Gandolfo et al. 2000).

Motor learning and neuronal plasticity in PMd
and PMv

In total, 34 PMd cells could be classified for changes of
Pd in the DT time window. Of these, 65% were kine-
matic, 24% were dynamic, 9% were memory I and 3%
were memory II. Figure 6 illustrates the activity of one
PMd neuron that was classified as memory I for its
changes of Pd in the DT time window.

Of the 143 neurons recorded in PMv, only nine
neurons were directionally tuned in the DT consistently
in all three conditions (Baseline, Force and Washout)
and could therefore be classified according to their
changes of Pd. Of these nine neurons, six (67%) neurons
were classified as kinematic. The remaining cells were
dynamic (one cell) and memory I (two cells).

With respect to the MT time window, a total of
37 PMd cells could be classified according to their
changes of Pd. In particular, we found 14 (38%) kine-
matic cells, 16 (43%) dynamic cells, 2 (5%) memory I
cells, 4 (11%) memory II cells, and 1 (3%) ‘‘other’’ cells.

For PMv, we could classify a total of 26 cells
according to their changes of Pd in the MT time win-
dow. We found that 73% of PMv cells were kinematic,
12% were dynamic, 4% were memory I, 8% were
memory II and 4% were ‘‘other’’. Figure 7 illustrates the
activity of one PMv cell classified as memory II for its
changes of Pd in the MT time window.

Only a limited population of PMd cells (16 cells)
could be classified with respect of the changes of Pd in
the target hold time (TH). Of these, the vast majority
was kinematic (88%).

Table 2 Population changes of activity (means)

Average Change

Force – Baseline Washout – Force Washout – Baseline

Dorsal Premotor Area (PMd)
Change of Pd
DT 10.4�* �8.5�* �2.7�
MT 11.0�* �14.0�* �6.0�
TH 10.0� 2.8� 0.8�

Ventral Premotor Area (PMv)
Change of Pd
DT 3.1� 0.0� �6.6�
MT 11.5�* �19.0�** �11.7�
TH 15.1� �27.6�* �9.2�

*P<0.05, **P<0.01
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A total of eight PMv neurons could be classified
according to their changes of Pd in the TH. Of these,
seven (88%) neurons were classified as kinematic.

The results of the classification obtained for PMd
and PMv in the three time windows are summarized in
Table 3.

Fig. 5 Neuronal correlates of kinematics-to-dynamics transformation in PMd. a Time course of Pd shift during the DT, population. Solid
points and vertical bars indicate the mean and standard deviations and positive values on the y-axis indicate shifts of Pd in the direction of
the external force. In the Baseline, the population Pd remains roughly constant and close to zero throughout the delay. In the Force
condition, the population Pd is aligned with that recorded in Baseline shortly after the cue and progressively shifts in the direction of the
external force over the course of the delay. Note that we included in this analysis only neuronal activity recorded prior to the go signal (see
Methods). b Shift of Pd and adaptation. Each dot in the plot represents one cell. The axes represent the Pd shift for well-adapted trials (x-
axis) and the Pd shift for poorly adapted trials (y-axis). It can be observed that the population tends to lie below the dotted diagonal line
bisecting the first and third quadrant. c Shift of Pd and reaction time. Each dot in the plot represents one cell. The axes represent the Pd
shift for shortRT trials (x-axis) and the Pd shift for longRT trials (y-axis). The population of PMd lies similarly above and below the
diagonal dotted line. Note that this plot contains fewer cells than b because in some cases neurons did not pass the tuning criterion for both
short-RT and long-RT trials. d The five panels illustrate the time course of the Pd for five individual neurons. In each panel, the Pd in the
Baseline and Force conditions are superimposed in black and red color, respectively. Although for all three cells on the right there is a shift
of Pd in the Force compared to Baseline at the end of the delay, that shift occurs progressively over the course of the delay only for the
rightmost cell
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Considering only the subset of cells with directionally
tuned DT activity, we did not find significant differences
between PMd and PMv with respect to the proportion
of cells in the various classes of kinematic, dynamics,
and memory cells (v2= 1.1; df.=3; P=0.8). The anal-
ogous analysis done for the MT time window did show
some difference between PMd and PMv (v2= 8.2;
df.=3; P<0.05). In essence, this was because pro-
portionally more cells were classified as kinematic in
PMv (19/26=73%) than in PMd (14/37=38%),
whereas more cells were classified as dynamic in PMd
(43%) than in PMv (12%). Instead, the proportion on
memory cells was similar in the two areas (7/37=19% in
PMd, 4/26=15% in PMv).

Discussion

Neuronal correlates of movement dynamics in PMd
and PMv

In this study, we investigated the dynamics-related
activity of neurons in PMd and PMv, as revealed by the
shift of Pd recorded following adaptation to an external
curl force field. With respect to the neuronal activity
during the MT, we found that the dynamics of move-
ments is reflected in both PMd and PMv. Significant
shifts of Pd were observed both for single cells and for
the neuronal populations. Quantitatively, the shifts of
Pd recorded during the movement time for the popula-
tion of PMd (mean shift 11.0� in the Force–Baseline;
�14.0� in the Washout–Force) and PMv (mean shift
11.5� in the Force–Baseline; �19.0� in the Washout–
Force) are comparable to that recorded in M1 (mean
shifts 16.2� in the Force–Baseline; �14.3� in the Wash-
out–Force) and SMA (mean shifts 16.6� in the Force–
Baseline; �9.7� in the Washout–Force) (Li et al. 2001;
Padoa-Schioppa et al. 2004). This result is consistent
with the anatomical fact that direct cortico-spinal pro-
jections originate from all these four areas (He et al.
1993, 1995). It is also consistent with previous physio-
logical reports of load-dependent activity in both PMd
(Werner et al. 1991) and PMv (Hepp-Reymond et al.
1994, 1999).

PMd and the kinematics-to-dynamics transformation

One important result of the study is that neurons in
PMd shift their Pd during the delay time (DT), prior to
the go signal. This is observed both at the level of single
cells and at the level of the population. In other words,
during motor planning neurons in PMd reflect the
dynamics of the upcoming movement. In this respect,
PMd share properties characteristic of SMA (Padoa-
Schioppa et al. 2002). In contrast, the activity of cells in
PMv is mostly not directionally tuned during the DT,
and no significant shifts of Pd are observed in PMv
during the DT. In this respect, the activity of neurons in

PMv resembles more that previously recorded in M1
(Li et al. 2001; Padoa-Schioppa et al. 2004).

It is generally accepted that execution of visually in-
structed movements involves a transformation of the
desired kinematics into dynamics-related commands
(Saltzman 1979; Alexander and Crutcher 1990; Mussa-
Ivaldi and Bizzi 2000). In a previous study, we found
that neurons in SMA reflect the kinematics-to-dynamics
transformation (Padoa-Schioppa et al. 2002). Four lines
of evidence implicated neurons in SMA in the kine-
matics-to-dynamics transformation: the progressive shift
of Pd at the level of the population during motor plan-
ning; the analogous progressive shift of Pd for individual
neurons; the correlation between the Pd shift in the DT
time window and the goodness of adaptation (i.e., initial
direction of the upcoming movement); and the anticor-
relation of the Pd shift in the DT time window and the
subsequent reaction time. Two of these phenomena were
presently observed also for neurons in PMd, namely the
progressive shift of Pd for the population and the
adaptation effect. Thus, the neuronal activity of PMd
does reflect the kinematics-to-dynamics transformation
in a general sense. However, the two phenomena that
most directly linked the activation of individual neurons
in SMA to the kinematics-to-dynamics transformation,
namely the progressive shift of Pd of individual neurons
and the reaction time effect, were not systematically
found in PMd. Thus, the present results indicate that
neurons in SMA do not process the kinematics-to-
dynamics transformation in isolation. Neurons in PMd
also seem to reflect that transformation, at least as a
population, and it is possible that this process involves
also other areas (e.g., the basal ganglia, the cerebellum).
However, the present results also suggest that neurons in
SMA participate more directly to the processing of the
kinematics-to-dynamics transformation, whereas neu-
rons in PMd reflect the status of that transformation in a
less direct fashion.

Neuronal plasticity in PMd, PMv, M1 and SMA

This series of experiments was designed to investigate
the neuronal underpinnings of a specific form of motor
learning that takes place when subjects adapt to an
external force field. From a psychophysical perspective,
this process can be described as the acquisition of a new
internal model for the dynamics (Shadmehr and Mussa-
Ivaldi 1994; Kawato 1999; Wolpert and Ghahramani
2000). In order to compare the results obtained for dif-
ferent cortical areas, we focused on changes of Pd in the
MT time window, and we grouped memory I and
memory II cells in a single class of memory cells. In
PMd, we recorded 38% kinematic, 43% dynamics, and
16% memory cells. In PMv, we recorded 73% kine-
matic, 12% dynamics, and 12% memory cells. In con-
trast, in M1 we recorded 50% kinematic, 17% dynamics,
and 32% memory cells. In SMA, we recorded 52%
kinematic, 17% dynamics, and 28% memory cells.
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(Note that the percentage relative to M1 was computed
with a significance threshold of P<0.01 more restrictive
than P<0.05 used in the original paper (Li et al. 2001).)
It can be noticed that in general fewer memory cells were
recorded in PMd and PMv compared to M1 and SMA,
although a chi-square analysis of these results (two
classes of nonmemory and memory cells, four areas) did
not indicate a significant difference between areas (v2=
4.60; df=3; P=0.2). This notwithstanding, the measure
of plastic changes generally corroborates the conclusion
that dynamics-related signals are stronger in M1 and
SMA compared to PMd and PMv.

Conclusion

In conclusion, our experiments indicate that movement
dynamics are widely represented across the motor areas
of the frontal lobe, including PMd and PMv, SMA and
M1. In a broad sense, this result is a physiological
counterpart to the anatomical finding that direct corti-
cospinal projections originate from all of these areas,
which are also densely interconnected with each other
(He et al. 1993, 1995; Luppino et al. 1993).

Our experiments also highlighted important differ-
ences between areas. First, as already noticed, there is a
sharp distinction between areas PMd and SMA, which
participate to motor planning and reflect the kinematics-
to-dynamics transformation, and areas M1 and PMv,
whose contribution to motor planning appears minimal.
Second, we also found a general degradation of the
representation of the movement dynamics in PMd and
PMv compared to SMA and M1. With respect to motor
planning, processing of the kinematics-to-dynamics
transformation can be traced down to the activity of
individual neurons in SMA, but not individual neurons
in PMd. Likewise, the ‘‘RT effect’’ and the ‘‘adaptation
effect’’ were present in SMA, but not in PMd. In addi-
tion, we generally found less extensive plastic changes
associated with learning of an internal model for the
dynamics in PMd and PMv than we had found in SMA
and M1. In the past few years, two competing views
have dominated the debate on the organization of motor
system. A serial view states that ‘‘premotor’’ areas har-
bor ‘‘high’’ sensorimotor processes and funnel their
output into M1, which ultimately controls the execution
of movements. A parallel view suggests that several
motor areas with direct corticospinal projections con-

Fig. 6 Rasters and tuning curve of a PMd cell. All the conventions are as in Fig. 3. This cell was recorded with a clockwise force field. It
was classified as memory I for its changes of Pd in the DT time window
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tribute similarly to the preparation and execution of
movements. The picture emerging from the series of our
studies falls somewhere in between, in that correlates of

the movement dynamics, a ‘‘low’’ process, were ubiqui-
tously found in all the areas we recorded from, while
clear differences also indicated a degree of area special-
ization.
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